Introduction {#Sec1}
============

In health care, there are considerable developments in medical devices in order to provide continuously or on-demand monitoring about the well-being of the chronic cardiac and/or high-risk patients \[[@CR1]\]. There are also reported works on electrocardiogram (ECG) biometric mode for the identification and authentication of individuals but also aiming at securing data and accessing services, as medical ones \[[@CR2], [@CR3]\]. Additionally, American Heart Association (AHA) statistics show that the coronary heart disease is the leading cause of death in the USA. In fact, 43.8% of deaths are caused by cardiovascular diseases (CVDs) \[[@CR4]\]. Therefore, Internet of things (IoT) healthcare devices, namely electrocardiogram (ECG) sensors, become increasingly vital to the twenty-first century patients. Increased need for ECG devices is driven due to rising healthcare costs and increasing rates of CVD worldwide. These factors drive the demand for low-cost, reliable and wearable ECG devices. These devices allow ECG signal acquisition \[[@CR5]\], digital signal processing \[[@CR6]\] and data transmission to the remote physician, namely the cardiologist \[[@CR1]\], for abnormal ECG signal analysis \[[@CR1]\]. This leads the authors to focus on ECG signal acquisition but not only ECG features extraction. Commercialized wearable ECG devices as QARDIOCORE by Qardio \[[@CR7]\] and wired ECG devices derive from 1 to 12 signals, known as leads in medical context. Each is composed of the P wave, the QRS complex and then the T wave.

Currently, the most recent wearable ECG devices are KardiaMobile by AliveCor \[[@CR8]\], QARDIOCORE by Qardio \[[@CR9]\] and Apple Watch Series4 by Apple \[[@CR8]\]. KardiaMobile records a single lead from 30 s to 5 min to detect atrial fibrillation, bradycardia, tachycardia as well as normal heart rhythm. Apple Watch Series4 also records a single-lead ECG for 30 s and detects only atrial fibrillation or normal heart rhythm. QARDIOCORE, meanwhile, detects heart rate variability without diagnosis prediction. It records 3 ECG signals or leads with a 16-bit analog-to-digital converter (ADC) at 600-Hz sampling frequency. It sends a message via Bluetooth wireless communication to the connected smartphone. Then, the smartphone transfers the message to the physician within few seconds. KardiaMobile's ADC samples at 300 Hz, then quantizes and codes each sample on 16 bits. No additional information is available regarding Apple Watch Series4's sampling frequency and ADC resolution.

As an example, the KardiaMobile's analog-to-digital converter (ADC) delivers a 4.8-kbits message during one second of conversion for a single signal. In the scientific literature, to optimize or reduce data transfer, decrease sensors' power consumption and increase wireless sensor network lifetime, three research axes have been developed. First, communication protocols consider the optimization of data communication between the healthcare sensors or devices, the patient's smartphone and the hospital server \[[@CR10]\]. Second, radiofrequency (RF) transceiver is miniaturized to realize a comfortable wearable smart sensor as in \[[@CR11]\]. Third, message data length of the ECG is reduced in order to optimize the data transfer via a given wireless communication transceiver \[[@CR12]\]. In this context, this paper argues that the event-driven ECG sensor should be used to reduce message data length and to optimize data transfer.

Thus, it is interesting to reduce the message data length in bits, which is obtained at the ADC output, to optimize data transfer power consumption \[[@CR13]\]. An $\documentclass[12pt]{minimal}
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                \begin{document}$$ {\text{Lb}} $$\end{document}$-bit message is transmitted during a given time duration from the ADC output to the receiver. The transmitter's data transfer power consumption is consequently $\documentclass[12pt]{minimal}
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                \begin{document}$$ {\text{Lb}} $$\end{document}$ multiplied by the wireless transmission power consumption per bit \[[@CR10], [@CR14]\]. Besides, the message data length in bits during one second is the message to be transferred during one second and not the wireless communication standard's throughput.

As far as ECG signal acquisition is concerned, the wearable ECG devices and many wired or wireless ECG acquisition systems use generally Nyquist ADCs and rarely oversampling ADCs. Data are uniformly extracted at every sampling period, considering at least Nyquist frequency according to Shannon theorem \[[@CR5]\]. In fact, sigma-delta ADCs offer higher resolutions than Nyquist ADCs, but generally require higher power consumption due to their oversampling technique. Besides, the maximum frequency of ECG signal is 250 Hz \[[@CR15], [@CR16]\]. Consequently, the sampling frequency must be higher than 500 Hz according to Shannon theorem. ADC survey shows the successive approximation register ADCs (SAR ADCs) are more suitable for ECG signal acquisition than pipeline, continuous-time sigma-delta (CTSD), switched-capacitor sigma-delta (SCSD) and flash ADCs according to the signal-to-noise and distortion ratio (SNDR) and for a given technology as the 180 nm complementary metal oxide semiconductor (CMOS) \[[@CR17]\]. Moreover, SAR ADC architectures use few building blocks and thus consume less power than other ADC architectures \[[@CR18]\]. Their propagation delays are lower than those of other architectures and are less sensitive to technology accuracy limits of passive components and jitter.

However, many ADCs need data compression to send or store lower amount of data that represent original samples. The aim is to restore the ECG signal after decompression at the distant ECG control unit \[[@CR5]\]. The obtained ECG signal is quasi-identical to the original ECG signal. It is then analyzed by the physician who sends the diagnosis to the patient. Knowing that, off-line QRS complex detection \[[@CR19]\], real-time QRS complex detection or even ECG features extraction \[[@CR1]\] methods are irreversible compression methods. Indeed, they do not allow to recover the ECG signal. Conversely, in the literature, some proposals are made with event-driven ECG sensors that sample signals regarding levels as in \[[@CR20]\]. These sensors require level-crossing analog-to-digital converter (LC-ADC) that combines event-driven sampling and compression simultaneously.

This paper aims at selecting the best-fit discrete wavelet transform (DWT) to compress a successive approximation register analog-to-digital converter (SAR ADC) output in an ECG sensor and to fulfill a quantitative comparative study with the level-crossing ADC (LC-ADC). To the best of the authors' knowledge, no quantitative comparative study between (A1) the SAR ADC architecture which is followed by a DWT compression stage and (A2) the LC-ADC architecture has been conducted. Thus far, this paper's main contribution is to achieve a quantitative comparison by:Reviewing on the one hand, the literature of the ADCs that relies on the SAR ADC as the best candidate among Nyquist besides sigma-delta ADCs, and the LC-ADC as the event-driven sampling-based ADC, and on the other, the literature of the data compression methods which decides on DWT compression method,Simulating examples of the architectures (A1) and (A2) where test ECG signals from databases \[[@CR21]\] are applied at their inputs,Comparing the percent root-mean-square differences ($\documentclass[12pt]{minimal}
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                \begin{document}$$ {\text{BCRs}} $$\end{document}$) and the message data lengths in bits of (A1) and (A2),Selecting the best architecture to reduce the message data length in bits and save power in wireless sensor networks.

Consequently, the remaining of this paper is organized as follows:Section 2 gives a state of the art of ECG signal acquisition and data compression.Section 3 details the performance evaluation test-bench steps of (A1) the SAR ADC with discrete wavelet transform (DWT) compression and states how to select the most suitable DWT to compress the SAR ADC output. It also briefs (A2) the LC-ADC, its performance evaluation test bench, the data transfer optimization and evaluation metrics that are required to compare (A1) and (A2).Section 4 presents and discusses the quantitative comparison of the evaluation metrics as the percent root-mean-square differences ($\documentclass[12pt]{minimal}
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                \begin{document}$$ {\text{BCR}} $$\end{document}$) and the data length in bits. The objective is to provide a defendable selection of (A1) the SAR ADC with DWT compression or (A2) the LC-ADC.Section 5 summarizes the whole paper and draws future works.

ECG Signal Acquisition and Data Compression {#Sec2}
===========================================

In all manufactured electrocardiogram (ECG) acquisition devices and most ECG acquisition devices in the literature, the analog-to-digital converter (ADC) uniformly samples and quantizes ECG analog signals to obtain ECG data, $\documentclass[12pt]{minimal}
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                \begin{document}$$ {\text{ECG}}_{\text{out}} $$\end{document}$. In an ECG signal, the waveform from the T wave to the P wave has usually a lower amplitude and a larger duration than those of the P wave, the QRS complex and the T wave \[[@CR22]\]. Thus, data compression of the uniform ECG data is required to reduce the message data length to be transferred from the ECG device to a distant control unit for an ECG diagnosis. However, this paper also deals with the sampling regarding analog signal amplitude events. This signal acquisition is indeed more suitable for the ECG signal. In this section, the ECG monitoring system architecture is introduced to show its key blocks. Then, the authors present a review of ECG signal acquisition, namely the successive approximation register ADCs (SAR ADCs) and level-crossing ADCs (LC-ADCs). Finally, existent data compression methods that follow a SAR ADC are provided. They are compared in terms of bit compression ratio ($\documentclass[12pt]{minimal}
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                \begin{document}$$ {\text{BCR}} $$\end{document}$) in order to evaluate ECG data reduction and percent root-mean-square difference of data compression ($\documentclass[12pt]{minimal}
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                \begin{document}$$ {\text{PRD}}_{\text{comp}} $$\end{document}$) that evaluates the recovered-signal quality.

ECG Monitoring System Architecture {#Sec3}
----------------------------------

The configuration of an ECG monitoring system, as presented in Fig. [1](#Fig1){ref-type="fig"}, is composed of the wearable ECG sensor, the signal acquisition, the data compression and the distant ECG control unit. The obtained ECG signal from two electrodes is filtered, amplified then sampled and quantized in the analog front end to deliver the digitized signal. In commercialized systems \[[@CR1]\], ECG signal acquisition is only operated using Nyquist or sigma-delta ADCs. However, in the ECG devices that have been suggested in the literature \[[@CR20]\], level-crossing ADCs have been also employed. The compression is required for Nyquist or sigma-delta ADCs but never quantitatively compared to the inherent compression of level-crossing ADCs. In fact, the LC-ADCs decrease the amount of data compared to Nyquist ADCs and considerably decrease the amount of data compared to sigma-delta ADCs. After compression or source encoding, followed by radiofrequency (RF) transmission, the digital reconstruction block performs signal decompression or source decoding. In case of event-driven devices, interpolation is also required to recover uniform samples. The control unit manages the signal decompression, the digital signal processing and the interpolation. The physician also analyzes the ECG signals using one of his communication devices and saves only received data if required.Fig. 1Configuration of a wearable ECG monitoring system

ECG Analog-to-Digital Converters' State of the Art {#Sec4}
--------------------------------------------------

Most of ECG acquisition systems generally digitize analog signals with successive approximation register ADC (SAR ADC) as stated in the commercialized systems or in the scientific literature proposals \[[@CR1]\]. Indeed, the SAR ADC structure is simply composed of a sample-and-hold (S/H) circuit, a comparator to compare the sample to the previous estimation, successive approximation of registers (SARs) and a digital-to-analog converter (DAC) \[[@CR18]\]. The DAC delivers the analog value of the previous estimation. The SAR ADC converts an analog ECG signal into digital samples. Thus, the T-to-P ECG waveform, which amplitude variations are lower than 0.1 mV during at least 0.3 s, and the QRS complex, which amplitude is around 1 mV during at most 0.1 s \[[@CR22]\], are sampled at the same frequency \[[@CR23], [@CR24]\]. That delivers an important number of redundant samples in the T-to-P ECG waveform. However, sampling only when events occur makes it possible to reduce the T-to-P ECG data. For instance, in the pacemaker proposal in \[[@CR25]\], flexible resolution SAR ADC with asynchronous dynamic logic samples the ECG leads and their features after the QRS complex extraction in the analog domain.

Moreover, in \[[@CR14]\], to reduce the data length when sampling an ECG signal with a SAR ADC, the QRS complex is sampled at a frequency higher than the sampling frequency of the remaining parts of the ECG signal. Further compression reduces the number of bits per sample. In fact, after the SAR ADC, a digital adaptive controller is required to compare the difference between successive samples and the predefined threshold to select adequate sampling frequency. The SAR ADC parameters given in \[[@CR14]\] are measured only for a test ECG signal. Another SAR ADC-based proposal is to sample the ECG signal at two different sampling frequencies which are selected according to its analog slope extraction \[[@CR26]\]. Additionally, authors in \[[@CR27]\] propose a high-precision ECG sensor system due to an ADC that integrates a stochastic flash ADC with a digitally controlled variable threshold comparator into a SAR ADC. In addition, a dynamic tracking SAR ADC and a hybrid SAR-sigma-delta ADC are proposed in \[[@CR28], [@CR29]\], respectively. Otherwise, sigma-delta converters are rarely used as in \[[@CR29], [@CR30]\]. Indeed, they offer higher resolutions, but require important sampling frequencies due to their oversampling technique \[[@CR17]\].

Therefore, some of the most recent SAR ADCs are summarized in Table [1](#Tab1){ref-type="table"} in reference to different resolutions, $\documentclass[12pt]{minimal}
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                \begin{document}$$ m $$\end{document}$, that are sorted from low to high values. In fact, there are proposals to reduce the data length of the SAR ADC output \[[@CR14], [@CR24]--[@CR26], [@CR28]\] and others to increase SAR ADC resolutions \[[@CR27], [@CR29]\]. For the data length reduction, the SAR ADC in \[[@CR28]\] uniformly samples the ECG signals, and then, a digital signal processing is operated. The SAR ADC in \[[@CR14]\] samples the signals after a frequency digital selection, whereas the SAR ADC in \[[@CR26]\] samples the signals after a frequency analog selection. Other parameters are used to compare SAR ADCs. They are the frequency of the successive approximation of registers (SARs), $\documentclass[12pt]{minimal}
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                \begin{document}$$ F_{\text{ref}} $$\end{document}$, the dynamic range, the complementary metal oxide semiconductor (CMOS) technology, the power consumption and the core area, and the effective number of bits ($\documentclass[12pt]{minimal}
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                \begin{document}$$ {\text{ENOB}} $$\end{document}$ is given in the reference or is extracted from the signal-to-noise and distortion ratio ($\documentclass[12pt]{minimal}
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                \begin{document}$$ {\text{SNDR}} $$\end{document}$) in decibels (dB) as in ([1](#Equ1){ref-type=""}) \[[@CR27]\].Table 1SAR ADC state of the artReferences\[[@CR25]\]\[[@CR24]\]\[[@CR14]\]\[[@CR28]\]\[[@CR26]\]\[[@CR29]\]\[[@CR27]\]Resolution, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ m $$\end{document}$, from low to high (bits)7--1081012141624Proposal to reduce SAR ADC output data lengthAsynchronous dynamic logic and flexible resolution SAR ADC--SAR ADC with two sampling frequencies and data compressionDynamic tracking SAR ADCSAR ADC with two sampling frequencies----Proposal to increase SAR ADC resolution----------Hybrid SAR-sigma delta ADCSuccessive stochastic approximation ADCReference frequency $\documentclass[12pt]{minimal}
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                \begin{document}$$ F_{\text{SAR}} $$\end{document}$ (kHz)32--50,000--2001040--83,200--Dynamic range (V)0.1111.80.6--11.2CMOS technology180 nm1.3--1.8 V180 nm1 V180 nm1.8 V130 nm0.6 V130 nm1.5 V180 nm1 V130 nm1.2 VPower consumption (µW)0.884--1.221.12 for1-kHz $\documentclass[12pt]{minimal}
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                \begin{document}$$ F_{\text{ref}} $$\end{document}$78.8 for test ECG signal^a^0.961.34.73--4823.91Area (mm^2^)8.60.03250.72250.1264.4880.150.342$\documentclass[12pt]{minimal}
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                \begin{document}$$ {\text{ENOB}} $$\end{document}$ (bits)96.936.63 for test ECG signal^a^11.7712.1615.1514.4^a^Not tested for sinewave signal$$\documentclass[12pt]{minimal}
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                \begin{document}$$ {\text{ENOB}} = \frac{{{\text{SNDR}} - 1.76}}{6.02} $$\end{document}$$

From the SAR ADC state of the art, the outputs require data length reduction by either modifying the SAR ADC architecture or applying a compression technique at the SAR ADC output.

Therefore, the event-driven signal acquisition is a more appealing architecture than the SAR ADC, also known as level-crossing sampling. It has been introduced since the 1980s as a combined compression digital encoding technique of analog signals \[[@CR31]\], but its circuit implementation or modeling is recent. In fact, level-crossing analog-to-digital converter (LC-ADC) architectures are proposed to sample signals regarding amplitude levels instead of time instants. That detects the exact amplitude values instead of the quantized data values. The LC-ADC thus guarantees the conversion of the samples at selected levels. However, it requires a quantization of each interval between two successive level-crossing instants. In the last decade, for instance, authors in \[[@CR32]\] and \[[@CR33]\] studied event-driven speech and biomedical signals, respectively. Different circuit realizations were particularly proposed for bio-signal acquisitions, ranging from LC-ADCs in application-specific integrated circuits (ASICs) \[[@CR34], [@CR35]\] to fully integrated system-on-chip (SoC) solutions for wearable sensors \[[@CR20]\].

As far as LC-ADC architecture types are concerned, some LC-ADC architectures use the fixed-window level-crossing type \[[@CR35]--[@CR37]\], whereas others use the floating-window type \[[@CR20], [@CR38], [@CR39]\]. In fact, the floating-window type is the conventional and the widely adopted type in LC-ADC architectures. It consists of two comparators, two digital-to-analog converters (DACs), a logic control and a reference counter clock. First, the comparators detect the input crosses of the analog levels. Second, the DACs create analog levels bounding the input. Third, the logic control obtains up/down slope and evaluates the samples. Fourth, the reference counter clock quantizes the interval between two successive level-crossing instants. Alternatively, the fixed-window type does not require the updating of the window between two successive analog levels, but it requires the subtraction of the DAC output from the analog input. The obtained difference is compared to the analog fixed levels. Instead of DACs in the LC-ADC, some proposals are based on a scaler to select analog levels for the comparators \[[@CR40]\]. Furthermore, authors in \[[@CR35], [@CR38]\] suggest other solutions with variable resolutions regarding slope threshold which is the window out of the quantized time between two successive samples.

The LC-ADC state of the art is presented in Table [2](#Tab2){ref-type="table"}. The LC-ADC references are organized according to the LC-ADC resolutions, $\documentclass[12pt]{minimal}
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                \begin{document}$$ M $$\end{document}$, that are sorted from 5 to 8 bits. These values are adequate to digitize the test ECG signals according to the literature. In addition, the reference counter frequency, $\documentclass[12pt]{minimal}
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                \begin{document}$$ F_{\text{C}} $$\end{document}$, quantizes the time between two successive level-crossing instants. In Table [2](#Tab2){ref-type="table"}, the power consumption and core area values are sometimes proportionally computed from other values in the given reference or in a previous reference of the same authors. Table [2](#Tab2){ref-type="table"} shows that LC-ADC power consumptions vary from 0.0024 to 106 µW for test sinewave input signals at different frequencies from 1 Hz to 10 kHz. These values are close to SAR ADCs' values from 0.884 to 78.8 µW when 1 kHz reference frequency is adopted. However, it is important to mention that for low-frequency and low-amplitude inputs, as in T-to-P ECG waveform, the LC-ADC samples less densely in time than for high-frequency and high-amplitude inputs, as in QRS complex. As far as the areas are concerned, they are generally similar because most of SAR ADC and LC-ADC architectures are based on comparators, DACs and digital processing.Table 2LC-ADC state of the artReferences\[[@CR39]\]\[[@CR37]\]\[[@CR36]\]\[[@CR33]\]\[[@CR20]\]\[[@CR35]\]\[[@CR40]\]Resolution, $\documentclass[12pt]{minimal}
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From the current review of the literature, tested circuits and measurement results with a test ECG signal are rarely published. The authors give in SAR ADC state of the art in Table [1](#Tab1){ref-type="table"}, the measured results of \[[@CR14]\] for test ECG signal, and in LC-ADC state of the art in Table [2](#Tab2){ref-type="table"}, measured results of \[[@CR20]\] are given for 1 kHz sinewave signal. ECG sensor in \[[@CR20]\] is tested with an ECG signal, but performances are not measured. In fact, the $\documentclass[12pt]{minimal}
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                \begin{document}$$ {\text{ENOB}} $$\end{document}$ of \[[@CR14]\] is 6.63 bits for a 10-bit SAR ADC, 1 kHz reference frequency and test ECG signal, whereas it is 7.43 bits \[[@CR20]\] for an 8-bit LC-ADC with a sinewave test signal at the input. That ENOB is estimated from SNDR which is computed according to the ECG wireless sensor's input referred noise and input voltage. Therefore, LC-ADC and SAR ADC have almost the same performances leading to similar sensitivity levels \[[@CR14], [@CR20], [@CR35]\]. Thus, aside from the combined signal acquisition and inherent compression of analog signals with LC-ADC, many compression techniques have been proposed in the literature. These techniques were implemented and tested on digital test ECG data at the SAR ADC outputs. In the next subsection, the existent compression methods are introduced and compared.

ECG Data Compression Methods' State of the Art {#Sec5}
----------------------------------------------

Long-term monitoring using ECG electrodes connected to smartphones and/or point-of-care devices has to save and/or send selected ECG data for an early detection of cardiovascular diseases (CVDs). Since 1968, many works have been published covering ECG data compression, redundancy reduction and parameters' extraction. For example, in ECG acquisition systems, data reduction for the sake of storage is introduced in \[[@CR41]\] with amplitude zone time epoch coding (AZTEC). In fact, large amount of ECG data compression is applied either to store or to transmit less data in order to reduce bit rate and time processing while decreasing power consumption \[[@CR42]\]. In the present paper, the uniform ECG data, $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ {\text{BCR}}, $$\end{document}$ is computed as given in ([2](#Equ2){ref-type=""}),$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ {\text{BCR}}\left( \% \right) = 100 \times \frac{{mL - {\text{Lb}}_{\text{comp}} }}{mL} $$\end{document}$$where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ m $$\end{document}$ is the SAR ADC resolution, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ L $$\end{document}$ is the number of samples, $\documentclass[12pt]{minimal}
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Decompression quality can be clinically acceptable although many techniques highly compress ECG data. In this paper, the presented methods are applied after the SAR ADC and require ECG data decompression to recover estimated ECG data. From the recovered ECG signal, the percent root-mean-square difference of data compression, $\documentclass[12pt]{minimal}
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                \begin{document}$$ {\text{PRD}}_{\text{comp}} $$\end{document}$ reflects a lossless compression and a reversible decompression which means that $\documentclass[12pt]{minimal}
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Thus, the commonly used compression algorithms are compared in order to select the adequate compression method regarding $\documentclass[12pt]{minimal}
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                \begin{document}$$ {\text{PRD}}_{\text{comp}} $$\end{document}$ aiming at the evaluation of ECG data compression quality. Once the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ {\text{PRD}}_{\text{comp}} $$\end{document}$ is lower than 9%, the lower the ECG data length in bits after compression, $\documentclass[12pt]{minimal}
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                \begin{document}$$ {\text{Lb}}_{\text{comp}} $$\end{document}$, is, the higher the $\documentclass[12pt]{minimal}
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                \begin{document}$$ {\text{BCR}} $$\end{document}$ is and the better the data compression method is. The data compression methods are commonly distinguished in lossless and lossy methods. In fact, with lossless compression methods, reversible decompression algorithms recover the exact original uniform ECG data with a 0% $\documentclass[12pt]{minimal}
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                \begin{document}$$ {\text{PRD}}_{\text{comp}} $$\end{document}$. Opposingly with lossy compression methods, irreversible decompression algorithms remove some samples or bits from original uniform ECG data, and others project them given a transform function and remove some of the obtain coefficients. Consequently, ECG data recovery leads up to data distortion which generates a nonzero $\documentclass[12pt]{minimal}
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As far as the lossless data compression methods are concerned, entropy coding is widely used with differential pulse-code modulation (DPCM) regarding predefined error threshold with prediction or interpolation \[[@CR45]\]. In \[[@CR46]\], the prediction with DPCM is the least complex, and the prediction with more complex algorithms, such as neural network, auto-regression filters or Lempel--Ziv, is unsuitable for real-time transmission. Besides, entropy coding algorithms, such as Huffman, arithmetic, Golomb, Golomb--Rice (GR) and fixed-length packaging, are the commonly used ones. Adopting the lossless compression methods recovers the exact original ECG data, but low $\documentclass[12pt]{minimal}
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                \begin{document}$$ {\text{BCRs}} $$\end{document}$ are computed. Combining predictor with entropy coding algorithms makes the bit compression ratios vary between almost 48% and 58% \[[@CR46]--[@CR49]\] as shown in Table [3](#Tab3){ref-type="table"}. Combining fuzzy optimization and Huffman region coding offers a $\documentclass[12pt]{minimal}
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                \begin{document}$$ {\text{BCR}} $$\end{document}$ of 64.7% \[[@CR50]\]. Nonetheless, adaptive trending predictor with modified Huffman and GR coding offers a $\documentclass[12pt]{minimal}
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                \begin{document}$$ {\text{BCR}} $$\end{document}$ of 62.5% \[[@CR51]\]. In these references, the obtained results are measured for a small number of test ECG signals or for test ECG signals from the same database, generally the MIT-BIH arrhythmia database \[[@CR21]\].Table 3Lossless data compression methods' state of the artLossless data compression method$\documentclass[12pt]{minimal}
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                \begin{document}$$ {\text{BCR}}\, \left( \% \right) $$\end{document}$Linear predictor/Huffman coding \[[@CR47]\]47.9Delta predictor/Golomb--Rice (GR) coding \[[@CR46]\]57.9Adaptive predictor/Huffman coding \[[@CR48]\]58.8Adaptive linear predictor/fixed-length packaging \[[@CR49]\]56.1Fuzzy optimization/Huffman region coding \[[@CR50]\]64.7Adaptive trending predictor/modified Huffman and GR coding \[[@CR51]\]62.5

However, nowadays, researchers in the field of smart health sensors adopt higher bit compression ratios with lossy data compression methods that offer a small ECG data distortion. In fact, works in \[[@CR44], [@CR52]--[@CR54]\] are based on thresholding-based wavelets or discrete wavelet transform (DWT) as lossy compression methods. The best trade-off combines DWT with shrinkage, Huffman and run-length encoding (RLE) algorithms to offer a 96% $\documentclass[12pt]{minimal}
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                \begin{document}$$ {\text{PRD}}_{\text{comp}} $$\end{document}$ \[[@CR53]\]. Other lossy compression methods are proposed in \[[@CR42], [@CR55]\]. They offer around 77% and 87% of $\documentclass[12pt]{minimal}
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                \begin{document}$$ {\text{PRD}}_{\text{comp}} $$\end{document}$, that is, lower than 2%. In \[[@CR55]\], the method consists in ECG data decimation by a fractional factor. In \[[@CR42]\], the method uses Fun algorithm that is combined with an on-demand residual Huffman coding. Thus, Huffman compression is only applied on the residual data after online decompression and residual data request.

As far as \[[@CR56]\] is concerned, the proposed compression method detects turning angles larger than a threshold. In fact, the useful information for the diagnosis is in the rapid variations of the P wave, the QRS complex and the T wave. Another proposal comes in \[[@CR12]\] to reach a 99% $\documentclass[12pt]{minimal}
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                \begin{document}$$ {\text{PRD}}_{\text{comp}} $$\end{document}$ is obtained for all test ECG signals of MIT-BIH arrhythmia database. In fact, convolutional auto-encoder is applied to ECG data compression by adopting a spindle structure to extend and then reduce the data length. A more recent work shows a double exponential wavelet design that is combined to compressive sensing \[[@CR57]\]. This compression method tries to reach a 90% $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ {\text{PRD}}_{\text{comp}} $$\end{document}$, but these are mean values obtained from 20 test ECG signals. Additionally, in \[[@CR58]\], the compression algorithm begins by segmentation of the test ECG signal into clinically relevant parts (the QRS complexes and possibly P and T waves) and nonclinically relevant parts (the remaining parts of the ECG signal). The first group is compressed with differential pulse-code modulation (DPCM) and run-length encoding (RLE) that are lossless methods, whereas others are compressed due to DWT with threshold which is a lossy method.

Table [4](#Tab4){ref-type="table"} summarizes the lossy data compression state of the art. The obtained results are measured for one test ECG signal \[[@CR56]\], two test ECG signals \[[@CR58]\] or all test ECG signals \[[@CR12]\] from MIT-BIH arrhythmia database. Thus, after the SAR ADC, the DWT-based compression methods provide the best trade-off between $\documentclass[12pt]{minimal}
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                \begin{document}$$ {\text{PRD}}_{\text{comp}} $$\end{document}$ \[[@CR53]\]. In addition, the DWT compression as implemented in \[[@CR53]\] does not require test ECG signal segmentation as in \[[@CR58]\], and decompression is always irreversible. However, the LC-ADC seems to be appealing as it simultaneously operates ECG signal acquisition and data compression. Besides, the reconstruction is always irreversible. In fact, although the LC-ADC allows lower amount of data regarding the SAR ADC with DWT compression, quantitative comparative study has not been conducted yet in terms of bit compression ratio, message data length in bits versus signal quality for both architectures. Thus far, the main contribution of this paper is a quantitative comparison between (A1) the SAR ADC architecture with DWT compression and (A2) the LC-ADC architecture. This comparison is important as the lower the message data length in bits is, the lower the ECG sensor power consumption of RF transmission is. In fact, the data length in bits is multiplied by the RF transmission power consumption per bit \[[@CR14]\] to obtain the ECG sensor power consumption, knowing that RF transmission results in 63% of the power consumption of a given ECG sensor \[[@CR13]\]. Thereafter, the next section describes the evaluation methods for both architectures and defines the evaluation metrics.Table 4Lossy data compression methods' state of the artLossy data compression method$\documentclass[12pt]{minimal}
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                \begin{document}$$ {\text{PRD}}_{\text{comp}} \,\left( \% \right) $$\end{document}$Simultaneous orthogonal matching pursuit \[[@CR52]\]86.12.57Compressive sensing \[[@CR44]\]719DWT with shrinkage \[[@CR53]\]680.12DWT with shrinkage/Huffman/RLE \[[@CR53]\]65--960--3.11Two sampling frequencies and Huffman encoding \[[@CR14]\]640.82DWT/RLE with modified threshold \[[@CR54]\]812.7Decimating by a fractional factor \[[@CR55]\]77.70.53Fan algorithm/on-demand residual Huffman coding \[[@CR42]\]87.10.51Turning-angle-based compression \[[@CR56]\]71.08^a^5.87^a^Spindle convolutional auto-encoder \[[@CR12]\]99.062.453--18.2Compressive sensing and double exponential wavelet transform \[[@CR57]\]10--90^b^0.43--6.5^b^DPCM/RLE or DWT with threshold according to the part of ECG waves \[[@CR58]\]93^a^93.19^c^2.81^a^2.78^ca^Record 117 from MIT-BIH arrhythmia database^b^Mean values for 20 ECG signals from MIT-BIH arrhythmia database^c^Record 110 from MIT-BIH arrhythmia database

Evaluation Methods {#Sec6}
==================

As provided previously in Table [1](#Tab1){ref-type="table"}, recent SAR ADC architectures add specific compression as in \[[@CR27], [@CR29]\] or are combined with a further data compression block. Both must reduce the large amount of data delivered by the SAR ADC as in \[[@CR25]\] to reduce the data amount to be sent to the control unit. This section deals with evaluation methods that are required for the quantitative comparison between (A1) the SAR ADC with discrete wavelet transform (DWT) compression and (A2) the LC-ADC. First, the authors acquaint the SAR ADC architecture. The performance evaluation test bench of SAR ADC that is followed by DWT compression is also proposed to test (A1) with many test ECG signals at its input. The DWT is inherently reversible transform. Opposingly, DWT compression is irreversible, and it is a lossy compression. Some of the obtained DWT output coefficients are removed before data transmission to the distant ECG control unit. Second, DWT-based ECG data compression is studied, and the most adequate DWT compression is proposed. Third, (A2) the designed LC-ADC architecture alongside its performance evaluation test bench is introduced. Moreover, optimization of the LC-ADC outputs is stated to reduce the data transfer in healthcare devices. Forth, test ECG signals from Physionet are presented together with the required evaluation metrics to analyze the quantitative comparison of (A1) the SAR ADC with DWT compression and (A2) the LC-ADC.

SAR ADC with DWT Compression Evaluation {#Sec7}
---------------------------------------

The SAR ADC first samples and holds (S/H) the analog input signal, $\documentclass[12pt]{minimal}
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                \begin{document}$$ {\text{ECG}}_{\text{in}} $$\end{document}$, at the S/H frequency or the reference frequency, $\documentclass[12pt]{minimal}
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                \begin{document}$$ F_{\text{ref}} $$\end{document}$. Second, the obtained sample is compared to the first analog approximated value. This value is delivered after the successive approximation registers (SARs) and the digital-to-analog converter (DAC) \[[@CR14]\]. Each cycle takes $\documentclass[12pt]{minimal}
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                \begin{document}$$ F_{\text{SAR}} $$\end{document}$, is at least $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ m $$\end{document}$ times the reference frequency, $\documentclass[12pt]{minimal}
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                \begin{document}$$ F_{\text{ref}} $$\end{document}$. The SARs' initial value is set with the most significant bit (MSB) at "1" and other $\documentclass[12pt]{minimal}
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                \begin{document}$$ m - 1 $$\end{document}$ bits at "0" where $\documentclass[12pt]{minimal}
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                \begin{document}$$ m $$\end{document}$ is the SAR ADC resolution. The DAC output is then equal to $\documentclass[12pt]{minimal}
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                \begin{document}$$ V_{\text{ref}} /2 $$\end{document}$ where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ V_{\text{ref}} $$\end{document}$ is the power supply voltage of the SAR ADC. This first analog approximated value is obtained in the first cycle. Third, if the first sample is higher than $\documentclass[12pt]{minimal}
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                \begin{document}$$ V_{\text{ref}} /2 $$\end{document}$, the MSB value is maintained at "1," unless it becomes "0" in the second cycle. In this cycle, still for the same sample, the SARs move to the next bit and initialize it at "1." The SARs operate similarly as for the MSB. Then, they move to the next bit until they reach the least significant bit (LSB).
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                \begin{document}$$ 1/F_{\text{ref}} $$\end{document}$ period, the following sample is compared to the first analog approximated value, $\documentclass[12pt]{minimal}
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                \begin{document}$$ V_{\text{ref}} /2 $$\end{document}$, approximated and converted as it was explained in the previous paragraph for the first sample. The SAR ADC architecture is presented in Fig. [2](#Fig2){ref-type="fig"}.Fig. 2SAR ADC architecture

The SAR ADC is simplified in two basic blocks of sampling and quantization. The S/H or reference frequency, $\documentclass[12pt]{minimal}
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                \begin{document}$$ F_{\text{ref}} $$\end{document}$, is 1 kHz as it is the commonly used value to sample ECG signals, whereas the resolution, $\documentclass[12pt]{minimal}
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                \begin{document}$$ m $$\end{document}$, varies from 8 to 16 as presented in Table [1](#Tab1){ref-type="table"}. To obtain test ECG signals that are representative of analog signals, each ECG data vector, $\documentclass[12pt]{minimal}
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                \begin{document}$$ {\text{ECG}}_{\text{data}} $$\end{document}$, from a given database, is up-sampled at 1 MHz to obtain a signal with a fine time axis. The obtained "analog" signal is sampled at $\documentclass[12pt]{minimal}
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                \begin{document}$$ i{\text{th}} $$\end{document}$ analog sample is quantized to the digital sample, $\documentclass[12pt]{minimal}
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Discrete Wavelet Transform for Compression {#Sec8}
------------------------------------------

In this subsection, first, a brief mathematical definition of the DWT and its relationship with compression is given as reported in the literature. Second, some wavelet matrices are provided as examples for a better understanding of this paper. Third, the methodology of the compression study is introduced.
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Noting that the DWT compression rounds the small coefficients to zeros, thus invertibility or reversibility is lost and the transformation becomes lossy. Therefore, the number, $\documentclass[12pt]{minimal}
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The DWT decomposition is generally performed due to the orthogonal wavelets such as Coiflet (coif), Daubechies (db), Symlet (sym), Dmeyer (dmey) and Haar (haar) families, or the biorthogonal wavelets such as biorthogonal (bior) and reverse biorthogonal (rbio) families \[[@CR61]\]. For each family, there are one or more subfamilies according to wavelet family parameters that impact numbers and values of the filter coefficients. After the SAR ADC, DWT-based ECG data compression often uses Daubechies or biorthogonal wavelets. These two wavelet examples of orthogonal and biorthogonal wavelet families are widely used and yield good compression ratios \[[@CR53]\] even though, to quantitatively compare (A1) the SAR ADC with DWT compression to (A2) the LC-ADC, it is necessary to select the best-fit wavelet subfamily. The objective is to select the best DWT compression to be implemented after the SAR ADC considering the compression ratio, the ECG signal distortion and the implementation complexity. Thus, to select the best-fit wavelet subfamily regarding only the compression ratio, $\documentclass[12pt]{minimal}
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Second, the OMP is applied separately to each segment, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ {\text{ECGt}}_{{{\text{out}}_{l} }} $$\end{document}$, for a given value of the wavelet decomposition level, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ J, $$\end{document}$ and for the maximum number of iterations, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ K' $$\end{document}$. Thus, each segment is compressed to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ {\text{ECGt}}_{{{\text{comp}}_{l} }} $$\end{document}$ which length is equal to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ K' $$\end{document}$. Third, the original segment is recovered to obtain $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ \widehat{\text{ECGt}}_{{{\text{out}}_{l} }} $$\end{document}$. In fact, the decomposition matrix is also applied separately to each $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ {\text{ECGt}}_{{{\text{comp}}_{l} }} $$\end{document}$ using ([4](#Equ4){ref-type=""}) and ([6](#Equ6){ref-type=""}) where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ {\text{ECG}}_{\text{out}} $$\end{document}$ is equal to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ {\text{ECGt}}_{{{\text{out}}_{l} }} $$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ K $$\end{document}$ is equal to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ K' $$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ L $$\end{document}$ is equal to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ D $$\end{document}$.

Fourth, from the second segment, also equal to the second iteration, $\documentclass[12pt]{minimal}
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Thus far, the five steps extract $\documentclass[12pt]{minimal}
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Finally, performances are evaluated after the best-fit wavelet subfamily selection for compression of uniform ECG data. The LC-ADC model is presented, and the performance evaluation test bench is proposed in the next subsection before evaluation metrics definitions to compare them to (A2) the LC-ADC performances.

LC-ADC Model and Evaluation {#Sec9}
---------------------------

In this paper, the best candidate of (A2) the LC-ADC to tackle the comparative study to (A1) the SAR ADC with DWT compression is the floating-window type. Indeed, it has been a widely used and tested type during the two last decades \[[@CR34], [@CR38], [@CR65]\]. The ECG analog signal, $\documentclass[12pt]{minimal}
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The block diagram of the described LC-ADC architecture is shown in Fig. [5](#Fig5){ref-type="fig"}. A detailed LC-ADC model is already implemented in MATLAB/SIMULINK and designed according to ECG signal specifications in terms of amplitude and frequency \[[@CR66]\]. In order to recover the ECG signal, the samples at the LC-ADC output, $\documentclass[12pt]{minimal}
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Behavioral simulations are done with modeled ECG signals for normal, bradycardia and tachycardia \[[@CR66]\] and then tested with real ECG records for normal, emotional or physical duress and various pathologies from Physionet database \[[@CR21]\]. In fact, the LC-ADC is designed and modeled to cope with all ECG signals that give heart rates from 30 beats per minute (bpm) to 240 bpm \[[@CR66]\]. Thus, the LC-ADC full scale, $\documentclass[12pt]{minimal}
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To show comparative curves of LC-ADC output and SAR ADC output, SAR ADC is chosen with 16-bit resolution and 1 kHz reference frequency. The test ECG data are the V1 lead of s0044lre from PTB diagnostic ECG (ptbdb) \[[@CR21]\]. An example of samples at the LC-ADC output versus the samples at the SAR ADC output is given in Fig. [7](#Fig7){ref-type="fig"}. The patient of s0044lre has a mean cardiac rhythm of 67 beats per minute (bpm) and suffers from myocardial infarction which is a challenging medical emergency. In this example, the Q wave, that is, generally before the R wave, is not observed. Between the pointed data cursors, the LC-ADC delivers $\documentclass[12pt]{minimal}
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Between the pointed data cursors in Fig. [7](#Fig7){ref-type="fig"}, the SAR ADC delivers $\documentclass[12pt]{minimal}
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For the V1 lead of s0044lre, Fig. [8](#Fig8){ref-type="fig"} shows different values of time, amplitude and total data lengths in order to compare the data lengths at the outputs of (A1) the SAR ADC with DWT compression, (A2) the LC-ADC and other architectures. In fact, six architectures are compared. They are the standalone SAR ADC, (A1) the SAR ADC with DWT compression, the SAR ADC with DWT compression which is followed by Huffman compression, the LC-ADC with complete amplitude output, (A2) the LC-ADC with optimization of amplitude output, the LC-ADC with optimization of amplitude output and Huffman compression which is applied to time intervals. In this paper, (A2) the LC-ADC means that the LC-ADC is tested with optimization of amplitude output. For the LC-ADC with optimization of amplitude output and Huffman compression, the time intervals, $\documentclass[12pt]{minimal}
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                \begin{document}$$ {\text{TI}} $$\end{document}$, could be compressed by a lossless compression method. However, this is not the aim of this paper as Huffman will be a further compression after the DWT compression or of the LC-ADC time interval output. Thus, the authors carry out their comparative study between (A1) and (A2).Fig. 8ECG sensor with different signal acquisition and data compression architectures, namely (A1) the SAR ADC with DWT compression and (A2) the LC-ADC with optimization of data transmission

This paper focuses on the event-driven ECG sensor to reduce the message data length. The aim is to optimize data transmission from a healthcare device to a distant control unit in order to analyze patients' ECG signals after ECG signal reconstruction, features' extraction can be added, and then, patients' identification and authentication can be operated. The authors detail performance evaluation metrics in the next subsection in order to highlight the advantage of the event-driven ECG sensor regarding SAR ADC-based ECG sensor. Selected ECG signals, $\documentclass[12pt]{minimal}
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ECG Signals and Evaluation Metrics {#Sec10}
----------------------------------

Performance evaluation test benches of (A1) the SAR ADC with DWT compression and (A2) the LC-ADC are illustrated in Figs. [3](#Fig3){ref-type="fig"} and [6](#Fig6){ref-type="fig"}, respectively. The test ECG data at their input, $\documentclass[12pt]{minimal}
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                \begin{document}$$ {\text{ECG}}_{\text{data}} $$\end{document}$, are downloaded from Physionet \[[@CR21]\]. In this paper, (A1) and (A2) are tested with 50 different normal or pathological ECG signals. These signals are introduced in Annex A. The selected signals cover normal and apnea, ECG signals in addition to many pathological ECG signals but also ECG signals during emotional or physical duress which is described by ST segment variation. Pathologies are from bradycardia, arrhythmia, atrial fibrillation and tachycardia to the most critical one which is myocardial infarction. The selected signals are from many ECG databases as Apnea ECG, MIT-BIH arrhythmia (mitdb), PTB diagnostic ECG (ptbdb), long-term ST (lstdb), MIT-BIH atrial fibrillation (afdb), MGH-MF waveform (mghdb) which have different resolutions and sampling frequencies.

Evaluation metrics of (A1) the SAR ADC with DWT compression and (A2) the LC-ADC performance evaluation test benches are computed during the same given time duration, $\documentclass[12pt]{minimal}
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In fact, the first step of the DWT compression study in Fig. [4](#Fig4){ref-type="fig"} is the segmentation of $\documentclass[12pt]{minimal}
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The next section introduces MATLAB simulation results regarding the performance evaluation test benches. Then, it deals with quantitative comparison between (A1) the SAR ADC with DWT compression and (A2) the LC-ADC in terms of the defined evaluation metrics.

Evaluation Results and Discussions {#Sec11}
==================================

To conduct the compression study, 50 ECG signals were applied as test input. They are normal and pathologic ECG signals selected with different shapes, amplitude ranges and pathology types from Physionet database \[[@CR21]\]. There are also Apnea-ECG signals and ECG signals during emotional or physical duress which is described by ST segment variation. Each ECG input signal, $\documentclass[12pt]{minimal}
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                \begin{document}$$ {\text{ECG}}_{\text{data}} $$\end{document}$, is also applied at the input of the evaluation performance test bench of the LC-ADC. Then, the results for the LC-ADC output are presented and discussed. Finally, the authors compare the compression and signal quality of (A1) the SAR ADC with DWT compression versus (A2) the LC-ADC in terms of percent root-mean-square difference, bit compression ratio and data length in bits.

Preliminary Results {#Sec12}
-------------------

Preliminary simulations were done for a single test ECG signal which is the I lead of s0044lre from PTB diagnostic ECG (ptbdb) with all the wavelet subfamilies of MATLAB. Each subfamily is set for wavelet decomposition levels, $\documentclass[12pt]{minimal}
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Best-Fit DWT Selection {#Sec13}
----------------------

To achieve a complete study of the DWT compression after SAR ADC, all available MATLAB orthogonal and biorthogonal subfamilies have been applied to the 50 real ECG signals as in the performance evaluation test bench of Fig. [3](#Fig3){ref-type="fig"}. Compression results are obtained for ($\documentclass[12pt]{minimal}
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                \begin{document}$$ D $$\end{document}$) equal to (2, 64), (2, 128), (3, 64) or (3, 128). Using 54 wavelet subfamilies, compression results are studied with MATLAB boxplot function from statistics and machine learning toolbox. In fact, the boxplot function is a statistical representation that describes the data distribution by delimiting with a box its 25th percentile (first quartile) and 75th percentile (third quartile), and by two horizontal lines its minimum and maximum values. It also indicates with a line inside the box the median value of the distributed data.
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LC-ADC Performances {#Sec14}
-------------------

LC-ADC behavioral simulations are done with the same 50 real ECG records that are used for the SAR ADC with DWT compression performance evaluation test-bench. As explained in Fig. [6](#Fig6){ref-type="fig"}, the signals are up-sampled at 1 MHz frequency. This step is done to obtain signals that are representative of analog signals with a fine time axis. Then, since the LC-ADC resolution, $\documentclass[12pt]{minimal}
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The next subsection compares the percent root-mean-square difference, the bit compression ratio and the data length in bits of (A1) the SAR ADC with DWT compression and (A2) the LC-ADC in ECG sensors.

LC-ADC Versus SAR ADC with bior3.1 Compression {#Sec15}
----------------------------------------------

The bit compression ratio of the LC-ADC, $\documentclass[12pt]{minimal}
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As mentioned in the SAR ADC state of the art, a 10-bit SAR ADC provides an $\documentclass[12pt]{minimal}
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Since LC-ADC has non-uniform outputs, the authors need to adopt a same time duration, $\documentclass[12pt]{minimal}
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                \begin{document}$$ {\text{BCR}}_{{{\text{SAR}}\& {\text{DWT}}}} $$\end{document}$, equal to 71.87%. For a 12-bit SAR ADC with DWT compression, this amount is 3.375 kbits. As far as the proposed 8-bit LC-ADC with 12-bit reference counter is concerned, the mean sampling frequency is between 109 Hz and 348 Hz which depends on the test ECG signal.

Besides, it delivers 3.786 kbits for 75% of test ECG signals during one second of continuous-time sampling as presented in Fig. [16](#Fig16){ref-type="fig"}. This data length in bits is located between data lengths at the outputs of 12-bit and 14-bit SAR ADCs with DWT compression. Furthermore, the proposed LC-ADC is more advantageous than a 16-bit SAR ADC with DWT compression for 94% of the test ECG signals. Thus, it will be more beneficial to use the LC-ADC instead of the SAR ADC with DWT compression especially for recent ECG acquisition systems that require 16-bit resolution \[[@CR7], [@CR9]\].Fig. 16Data length for $\documentclass[12pt]{minimal}
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                \begin{document}$$ m $$\end{document}$-bit SAR ADC with best-fit DWT compression versus LC-ADC data length during one second

From this quantitative comparison, the performances of (A1) the SAR ADC with DWT compression show similarities, advantages and disadvantages when compared to (A2) the LC-ADC. In fact, they recover approximately the same ranges of percent root-mean-square differences, $\documentclass[12pt]{minimal}
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                \begin{document}$$ {\text{ENOB}} $$\end{document}$ and of linear interpolation resolutions. As far as compression ratio is concerned, (A1) the SAR ADC with DWT compression has a constant value of bit compression ratio,and thus, data length is expected to be reduced before data transmission. However, the LC-ADC and 8-bit linear interpolation deliver a $\documentclass[12pt]{minimal}
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                \begin{document}$$ {\text{BCR}}_{\text{LC - ADC}} $$\end{document}$ equal to 70.17%, for 75% of the test ECG signals, which is slightly lower than the constant value of compression in (A1). Finally, the drawback of (A1) is that the data length is always constant as the bit compression ratio is constant too. That is considered as a drawback because the data length in bits of (A2) is lower than the data length in bits of:the 16-bit SAR ADC with DWT compression for 94% of the test ECG signals,the 14-bit SAR ADC with DWT compression for 82% of the test ECG signals,the 12-bit SAR ADC with DWT compression for 68% of the test ECG signals.

Consequently, if existent SAR ADC-based ECG sensor requires more than 14-bit resolution, the LC-ADC can be perceived as a better architecture to obtain the same signal quality but with lower message data length to transmit to the physician distant control unit. Nonetheless, if the existent SAR ADC-based ECG sensor requires a resolution which is lower than or equal to 12 bits, the ECG sensor's production should be maintained if it meets the patient and the physician requirements.

Finally, the authors conducted this quantitative comparative study while considering the ECG signal quality in the presence of noise and the ECG signal acquisition circuit complexity. On the one hand, the authors have already conducted another work in order to assess the proposed design according to systematic time-quantization error and analog components' non-idealities \[[@CR66]\]. The findings of this work can be summarized as follows: First, with offset voltage errors, the $\documentclass[12pt]{minimal}
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                \begin{document}$$ {\text{PRD}}_{\text{LC - ADC}} $$\end{document}$ is kept lower than 9%, thus reflecting good quality signals. Second, when referring to simulation results with DACs nonlinearities and commercialized DACs specifications, good signal quality was reached.

On the other hand, architecture complexity can be identified according to three performances: circuit area, circuit propagation delay and circuit power consumption. For instance, in 180 nm CMOS technology, the circuit areas of (A1) and (A2) are approximately equal to 0.45 mm^2^ and 0.2 mm^2^, respectively. In fact, SAR ADC area is computed from the mixed-signal chip of \[[@CR14]\], DWT compression area is computed from the signal processing chip of \[[@CR53]\], and estimated LC-ADC area from the layout is already computed in one of the authors' previous work \[[@CR66]\]. Thus, in terms of area the LC-ADC is also a promising architecture. As far as the propagation delay is concerned, the authors evaluate the propagation delays of the comparator which is equal to 5 ns and the digital levels' update circuit which is equal to 0.8 ns. Added to that, the DAC's settling time in the 180 nm UMC CMOS technology is estimated to be at most 62 ns. The total delay is at most 68 ns for the LC-ADC. That is in fact lower than the reference counter period equal to 0.1 ms to prevent from the increase in the time offset and hence from harmonic distortion. The LC-ADC requires in its architecture an 8-bit DAC that provides the output 62 ns after the input is injected. Nonetheless, the SAR ADC requires in its architecture a 12-bit DAC that provides the output more than 62 ns after the input is injected. Moreover, the DWT compression will also require more propagation delay to deliver the DWT compression output as it is composed of filters, decimators, detection, estimation and level thresholding \[[@CR53]\]. Noting that power consumption is equal to 78.8 µW in case of SAR ADC with two different sampling frequencies and Huffman compression for test ECG signal \[[@CR14]\], whereas it is only equal to 2.42 µW in case of LC-ADC for test sinewave signal \[[@CR20]\] which is not really concluding. In fact, to the best of the authors' knowledge, no other works have been conducted to measure power consumption with test ECG signals.

To conclude, PRD of (A1) the SAR ADC with DWT compression and (A2) the LC-ADC are similar despite the presence of noise as in \[[@CR66]\]. Distinctively, data length to be transmitted after (A2) is lower than the one to be transmitted after (A1) with 14-bit resolution as shown in Fig. [16](#Fig16){ref-type="fig"} for 82% of the test ECG signals. In addition, (A2) is also preferable than (A1) covering area, propagation delay and power consumption. Thus, the leaders in design and manufacturing of mixed-signal processing integrated circuits should more investigate on the event-driven ECG sensors. For example, an autonomous wireless sensor node with asynchronous ECG monitoring has been proposed with a 3.8-mm^2^ area and 9.7-µW power consumption in 180 nm CMOS technology \[[@CR20]\] but not completely tested with ECG signals yet.

Conclusion {#Sec16}
==========

This paper quantitatively compares the SAR ADC with DWT compression to the LC-ADC starting with ECG signal acquisition and data compression state of the art. Then, it reviews the required tools to deal with the quantitative comparative study, namely the SAR ADC architecture, the DWT definition, its parameters and its related compression method. It also explains the performance evaluation test bench of (A1) the SAR ADC with DWT compression architecture. Moreover, (A2) the LC-ADC architecture, the LC-ADC model and performance evaluation test bench are described as well as the evaluation metrics of both compared architectures. Finally, performance evaluation results are discussed to show similarities between the two architectures in terms of signal quality for different configurations. However, the aim is to optimize data transmission and therefore reduce the ECG sensor power consumption of the RF transmission. Accordingly, the proposed 8-bit LC-ADC with 12-bit and 10-kHz reference counter delivers less data than the 14-bit SAR ADC with DWT compression for 82% of the test ECG signals. Consequently, the 16-bit or 14-bit SAR ADC would be replaced by the LC-ADC in the commercialized ECG sensors.

This quantitative comparative study and its uses are limited to models, algorithms and simulations with test ECG signals from Physionet databases. Meanwhile, SAR ADC results should be improved by the acquisition of ECG signals from existent ECG test devices instead of test ECG signals from Physionet databases. Then, DWT compression can be implemented on field programmable gate array (FPGA) and tested on the acquisition of ECG signals. Besides, more digital signal processing and lossless compression will be also implemented and tested. In fact, a lossless compression, such as the Huffman coding, can be adopted for the DWT selected coefficients. As far as the LC-ADC is concerned, the authors have to send to the foundry the CMOS circuit design files. An LC-ADC test platform will be achieved in order to test ECG signal acquisition. Afterward, the comparison of (A1) the SAR ADC with DWT compression to (A2) the LC-ADC will be more effective. Following that, a lossless compression, such as the Huffman coding, can be adopted after the LC-ADC to the values that are higher than a given amplitude level and to all time intervals. Future works will also deal with an event-driven ECG device with online ECG features' extraction from the LC-ADC optimized outputs, identification and authentication of patients. Additionally to the LC-ADC, the bradycardia requires the highest value of the reference counter resolution that is equal to 12 bits. Meanwhile, other pathologies require lower values of the reference counter resolution. Consequently, pathology-centric event-driven ECG sensors which are different in terms of LC-ADC's reference counter resolution would be proposed.

Annex A {#Sec17}
=======

Test ECG data, $\documentclass[12pt]{minimal}
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                \begin{document}$$ {\text{ECG}}_{\text{data}} $$\end{document}$, are applied at the input of evaluation performances test benches of Figs. [3](#Fig3){ref-type="fig"} and [6](#Fig6){ref-type="fig"}. That data are downloaded from Physionet \[[@CR21]\], and 50 different normal, apnea or pathological ECG signals are used as well as ECG signals in the presence of emotional and physical duress. The selected signals, as presented in Table [8](#Tab8){ref-type="table"}, cover normal and Apnea-ECG signals in addition to many pathological ECG signals. Pathologies are from bradycardia, arrhythmia, atrial fibrillation and tachycardia to the most critical one which is myocardial infarction.Table 8Test ECG signals from Physionet databaseECG signal numberRecord/leadPathology or description or normalSegment duration (s)Resolution/sampling frequencyPhysionet database: Apnea-ECG (apnea-ecg) 1*a03*/ECG^a^Apnea2.5712 bits/100 Hz 2*a05*/ECG^a^ 3*a07*/ECG^a^ 4*a10*/ECG^a^ 5*a11*/ECG^a^ 6*a15*/ECG^a^ 7*a16*/ECG^a^ 8*a17*/ECG^a^Physionet database: MIT-BIH arrhythmia (mitdb) 9*202/*II^b^Bradycardia (49--59 bpm)2.8511 bits/360 Hz 10*217*/II^b^PVC^a^ 11*217*/V1^b^ 12*219*/II^b^Bradycardia (38--59 bpm) 13*221*/V1^b^Atrial fibrillation (47--110 bpm) 14 15*223*/II^b^PVC^a^ 16*230*/II^b^Wolff--Parkinson--White (WPW) syndrome 17*231*/II^b^Second-degree heart block 18*233*/II^b^PVC^a^Physionet database: PTB diagnostic ECG (ptbdb) 19*s0044lre*/I^b^Myocardial infarction2.0516 bits/1000 Hz 20*s0044lre*/II^b^ 21*s0044lre*/aVR^b^ 22*s0044lre*/V1^b^ 23*s0044lre*/aVL^b^ 24*s0101lre*/V2^b^ 25*s0101lre*/V3^b^ 26*s0101lre*/V5^b^ 27*s0101lre*/V6^b^ 28*s0101lre*/Vx^c^Physionet database: long-term ST (lstdb) 29*s20011*/II^e^ST segment variation4.112 bits/250 Hz 30*s20011*/V2^e^2.05 31*s20041*/ECG^f^1.02 32*s20111*/V2^e^4.1 33*s20141*/II^e^2.05Physionet database: MIT-BIH atrial fibrillation (afdb) 34*04048*/ECG1^g^Atrial fibrillation2.0512 bits/250 Hz 35*04746*/ECG2^g^ 36*04936*/ECG2^g^ 37*05121*/ECG1^g^Physionet database: PTB diagnostic ECG (ptbdb) 38*s0476_re*/V2^b^Normal2.0516bits/1000 Hz 39*s0476_re*/V3^b^ 40*s0476_re*/V4^b^ 41*s0476_re*/Vx^c^ 42*s0476_re*/V6^b^ 43*s0476_re*/V5^b^Physionet database: MGH-MF waveform (mghdb) 44*mgh010*/I^b^Ventricular hypertrophy1.4212 bits/360 Hz 45*mgh017*/II^b^ 46*mgh027*/II^b^ 47Physionet database: MIT-BIH arrhythmia (mitdb) 48*102*/V5^b^Paced rhythm2.8511 bits/360 Hz 49*103*/II^b^APC 50*103*/V2^b^APC

The selected signals are from many ECG databases as Apnea-ECG (apnea-ecg), MIT-BIH arrhythmia (mitdb), PTB diagnostic ECG (ptbdb), long-term ST (lstdb), MIT-BIH atrial fibrillation (afdb), MGH-MF waveform (mghdb) which have different resolutions and sampling frequencies. A record can contain 1 lead as record "a03" from "apnea-ecg," 2 leads as for record "04048" from "afdb," 12 leads as for "202" from "mitdb" and 15 leads as for "s0101lre" from "ptbdb." Thus, Table [8](#Tab8){ref-type="table"} contains information covering record reference and its lead reference, pathology or record description or normal ECG, time duration of the tested segment that contains at least one P wave, one QRS complex and one T wave, and sampling information according to the database acquisition. These information are provided to all the test ECG signals that are numbered from 1 to 50. Notations are explained as follows:Only one available ECG leadStandard 12-lead ECGFrank vectorcardiographic system (Vx, Vy, Vz)Premature ventricular contractions (PVC)Two ECG leads that are obtained by ambulatory records24-hour ECG holter monitoring with rhythm changes and ECG signal changesOnly two available ECG leadsAtrial premature complexes (APC)
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